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Abstract
Industrial-scale use of carbon nanotube (CNT) materials and prototype development is limited by availability
of economic, high throughput production methods. Recent investigations have demonstrated the feasibility of
producing direct-spun macroscopic CNT materials via floating catalyst chemical vapour deposition. However,
few quantitative results have been reported regarding process yield and correlations with product quality.
Validation of results is therefore challenging as identification of the key fundamental process parameters is
hindered. This first meta-analysis quantifies atomic input rates and correlates them with product outputs
to map the current parameter space of 55 successful conditions leading to spinnable aerogels. All mapped
processes fall within a bulk residence time of 5–240 s, operating temperature of 1100–1500 ◦C and an atomic
S:Fe of 0.1–10. Low (high) S/Fe ratios favour single (multi)-wall CNTs in the direct-spun product. A high atomic
carbon dilution, only 3% of the input atoms being C, is a common feature across many systems. Furthermore,
we connect the findings to known catalyst and product growth behaviour, as well as the thermodynamics of
intermediates, to create an emerging picture of direct-spun CNT product formation. Elucidation of the most
important factors influencing material synthesis, and the relationships between them, provides opportunities
for gains in industrial-scale synthesis.
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1. Introduction
The desire to harness the superior qualities of car-
bon nanotubes (CNTs) in macroscopic materials con-
tinues to drive exploration and optimisation of assem-
bly methods. The experimentally measured Young’s
modulus and tensile strength of single walled car-
bon nanotubes (SWCNTs) have reached 970 GPa and
45 GPa [1], respectively1. With electrical conductivi-
ties as high as 108 S m−1 [3], coupled with densities
seven times lower than copper, they are highly attrac-
tive for electrical applications in various sectors. The
high individual CNT thermal conductivities, measured
at over 2000 W m−1 K−1 [4], around five times those
of copper at room temperature, also open up opportu-
nities for low mass, high thermal conductivity applica-
tions.
The first macroscopic CNT assemblies such as buck-
ypapers (isotropic networks of CNTs created via filtra-
tion techniques), showed potential in filtration [5, 6, 7],
desalination [8], prevention of biofouling [9] as well as in
applications as diverse as fire retardants [10] and field
emission [11]. However, the properties of CNT assem-
blies proved to be poor compared to individual CNTs,
with tensile strengths of only up to 95 MPa [12], rela-
tively low electrical conductivity (e.g. 6100 S m−1 [13])
and thermal conductivity (5–20 W m−1 K−1 or up to
42 W m−1 K−1 [14] for unaligned and magnetically-
aligned materials, i.e. where some anisotropy was in-
troduced, respectively).
In the early 2000s, the discovery of four different
methods for creating anisotropic assemblies of CNTs
provided the first steps towards harnessing the individ-
ual CNT properties on a macroscopic scale, whereby
aligning the CNTs maximises utilisation of the supe-
rior individual CNT properties along the axis of align-
ment. The first method, often referred to as “coagu-
lation spinning”, results in PVA-CNT composite fibres
and ribbons. SWCNTs are dispersed in surfactants and
the dispersion is injected through a fine capillary needle
into a PVA solution. The capillary flow induces align-
ment of the CNTs while the PVA solution induces coag-
ulation of the CNTs to create a condensed fibre. The
fibres exhibited Young’s moduli of 9–15 GPa which,
while still orders of magnitude less than those of indi-
vidual CNTs, demonstrated a vast improvement on the
mechanical properties of buckypapers [15].
The three other innovative processes generate macro-
scopic, aligned, close to 100% CNT materials without
the addition of polymer. Two of these processes are
multi-step, starting from either the solubilisation of in-
dividual CNTs in a superacid (“wet-spun” products
from solutions) or the controlled growth of a dense
forest of individual CNTs on a substrate which are
then drawn or twisted into film or fibre (“forest-spun”
mats and yarns from arrays). Acid-solubilised indi-
vidual CNTs form a liquid crystal-like phase and are
1For milimetre-long multi-wall carbon nanotubes (MWC-
NTs), the experimentally measured Young’s modulus and tensile
strength are 35 GPa and 0.85 GPa [2], respectively.
converted into aligned CNT fibres using wet-spinning
techniques, such as extrusion through a spinnaret into
a coagulation bath [16]. The dry-drawing and twisting
of a film of individual CNTs from a forest produces uni-
form fibres with well-defined twist angles [17] or film
materials.
The final, one-step process is the floating catalyst
chemical vapour deposition (FC-CVD) driven synthe-
sis of “direct-spun” CNT aerogels [18], drawing on ear-
lier papers pointing to CNT aerogel formation syn-
thesis in closed reactor tubes [19, 20, 21, 22]. The
decomposition of simple iron, sulfur and carbon pre-
cursors in a high temperature tubular furnace results
in catalyst nanoparticles suspended in a buffer gas
(principally H2) from which a high concentration of
individual CNTs (typically of up to 15 nm diame-
ter [18, 23, 24, 25, 26]) grow. The individual CNTs are
attracted to one another via van der Waals dispersion
forces, creating bundles (typically of 30–50 nm diam-
eter [27, 28, 29, 30, 31, 32, 24, 27, 23, 33, 34]) while
at the same time forming bundles entangled with one
another, creating a continuous, mechanically cohesive
CNT network, commonly referred to as an “aerogel”.
While early reports estimated nanotube lengths to
be of the order of hundreds of microns, and up to
1 mm [23], in most cases the segment lengths have
not been measured. Recent work by Tran et al. [35]
assessed CNT minimum lengths to be of the order
of a few microns by oxidising direct-spun CNT sam-
ples, followed by solubilisation them in chlorosulfonic
acid. Bulmer et al. [36] determined a length of about
10 microns between CNT defects in direct-spun sam-
ples and offered that these defects could be interpreted
as ends of tubes in very pure samples. These minimum
values are still significantly longer than the lengths
of individual CNTs found in high-purity commercial
samples such as HiPco 188.3 (0.29 µm), HiPco 183.6
(1.51 µm), SWeNT CG300 (0.71 µm), and UniDym OE
(1.92 µm) [37].
The aerogel can be extracted from the furnace sys-
tem and collected on a bobbin. The aerogel can either
be treated in-line with a solvent, where capillary action
causes condensation to form a thin microfibre (“direct-
spun fibre”). Alternatively multiple layers of the un-
condensed aerogel can be collected on a bobbin to cre-
ate a sheet of CNT material (“direct-spun mat”), which
can be treated with solvent to allow some condensa-
tion if required. The FC-CVD process is illustrated
in Figure 1, which shows the input flows required for
the synthesis, the types of output flows which can be
recorded, and a schematic of the bundling mechanism
which creates the aerogel, further illustrated by an ex-
ample scanning electron microscope (SEM) image of a
typical aerogel material.
The methods for producing macroscopic CNT ma-
terials have been refined since their initial inceptions,
producing microfibres, mats and films with increasingly
superior properties. Data in Figure 2 shows the me-
chanical, electrical and thermal properties of direct-
spun materials up to early 2016 for thermal proper-
ties and early 2017 for the remainder, compared to
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Figure 1: Schematic of the direct-spinning CNT process listing the parameters required for quantitative mapping and showing
the self assembly of the macroscopic material from individual CNTs (typically 1–15 nm diameter) through bundles (typically
30–50 nm diameter) to a continuous aerogel. Input parameters required are catalyst, promoter, hydrocarbon and carrier gas and
corresponding flow rates. Output parameters required are product quantity (mass, density) and quality (CNT alignment, hexagonal
lattice uniformity, diameter, wall number, length of individual CNT and purity). This figure has been reproduced from [38] with
permission of the corresponding authors.
other carbon materials and conventional high strength
or high conductivity materials (aluminium, copper, sil-
icon).
The properties of direct-spun materials compare very
favourably to, and in some cases outperform, the estab-
lished materials particularly when their low densities
are considered. As shown in Figure 2, direct-spun fi-
bres can reach Young’s modulus values of 100 GPa [39],
tensile strengths of 3.75 GPa [32], electrical conductiv-
ities of 2 × 106 S m−1 [32] and thermal conductivities
of 95 W m−1 K−1 [40]2. More recent thermal conduc-
tivity data shows values up to 900 W m−1 K−1 for
macroscopic direct-spun fibre samples [42] 3.
The combination of the current direct-spun product
properties, combined with the relative simplicity of the
direct-spun production method and the potential to
improve properties further towards those of individual
CNTs has, therefore, attracted significant industrial in-
terest [44, 45] due to the wide range of fields where ap-
plication of these materials might induce step changes
in technologies. Various reviews and publications pro-
vide excellent summaries of applications of macroscopic
CNT materials, including those from direct-spun pro-
duction methods, covering areas such as electrical ap-
plications [46, 47, 48], composites [49, 50, 51, 52], syn-
thesis [53], smart textiles [54, 55, 56] and improvement
in strength [57].
Despite the relative maturity of the direct-spun pro-
cess, reflected by the number of publications and re-
search groups in the field, the numerous parameters
of the process and different equipment setups means
that reproducibility of results between research groups
is challenging. Many of the publications offer empiri-
cal findings, and provide few quantitative relationships
between all four important categories, namely reactant
2A value of 760 W m−1 K−1 has been measured for a direct-
spun mat [41]
3Values as high as 1250 W m−1 K−1 have been measured on
a sample of tens of microns in length [43]
inputs, output product characterisation, product yield
and macroscopic product performance metrics. A few
papers do provide more systematic data, linking reac-
tion parameters with either a measured change in a
product performance metric or with a change in prod-
uct characterisation. For example, Li et al. [58] re-
ported an increase in overall tensile strength for an
increase in furnace temperature, which also correlated
with an increase in the number of produced multiwall
carbon nanotubes (MWCNTs) in comparison to SWC-
NTs. Likewise, Hou et al. [59] investigated the effect
of temperature increase in direct-spun synthesis (1150–
1500 ◦C), and found a transition from majority SWC-
NTs, through to mainly MWCNTs in the CNT fibre,
coupled with an increase in the rate of thermal py-
rolysis and soot formation in the final product. Fur-
thermore, the authors measured a two-fold increase in
carbon yield (defined as in Section 5.3) from the lowest
to highest temperatures. Finally, the authors tracked
the change in electrical conductivity of the direct-spun
product across the 1150–1500 ◦C temperature range,
measuring the highest conductivity at 1400 ◦C. The
higher conductivity correlated with the change in CNT
quality, as measured by the IG/ID ratio in the Raman
spectrum (see Section 2.2), in spite of the detrimental
increase in impurities.
Macroscopic product qualities are characterised by
performance metrics such as tensile strength, stiffness,
electrical conductivity and thermal conductivity. For
comparative purposes, these metrics need to be consis-
tently normalised with respect to product density. In
the case of 2D mat products, this requires use of areal
density (in g m−2) while the properties of direct-spun
microfibres, which often show significant axial varia-
tion in their cross sectional area, are best described
using units of N tex −1 [60] ( = 106 N m kg−1, or
numerically equivalent to a stress in GPa divided by
bulk density in g cm−3). In the case that all material
dimensions are consistent and can be accurately mea-
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Figure 2: Macroscopic properties of various CNT materials compared with those of silicon, copper and aluminium plotted as a
function of density. The properties highlighted are (a) Modulus, (b) electrical conductivity, (c) tensile strength and (d) thermal
conductivity and are reproduced from [38] with permission of the corresponding authors. References for the experimental data used
in these figures are included in the supplementary material of [38].
In this work, we collect all quantitative data avail-
able from the published literature in the field of direct-
spun production via FC-CVD and simplify these down
to molar input rates of the required elements to facil-
itate a direction comparison between them. By corre-
lating the processed data with the main type of indi-
vidual CNT that makes up the associated direct-spun
product (correlation of reaction inputs with product
characterisation) and, where possible, the direct-spun
yield, we produce comprehensive maps of the current
direct-spun synthesis parameter space.
By quantifying and comparing the limiting be-
haviour and parameter trends from the literature, we
provide a broader understanding of factors affecting
catalyst particle generation and activity, as well as
carbon utilisation in the process and reaction yield.
These findings provide a platform from which future
research can quantitatively and systematically advance
the state-of-the-art in a reproducible manner. We be-
gin with a description of our methodology, followed by
an analysis of critical features common to all direct-
spun production experiments, before mapping param-
eters that principally influence catalyst nanoparticle
formation and activity, followed by mapping parame-
ters affecting CNT nucleation and growth. The anal-
ysis concludes with an overall process summary and
by setting out challenges and opportunities for future
research and large-scale CNT production.
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2. Methodology
2.1. Data selection criteria
The field of direct-spun literature contains upwards
of 261 journal publications (as of July 2018) consisting
principally of the following categories of paper: reviews
(15), post processing and applications (140), material
characterisation (66) and synthesis (40). The distri-
bution of publications across the different categories is
shown in Figure 3 (a), with the associated references
list found in the supplementary information associated
with Hoecker et al. [61] for papers through to late 2016
and in the caption for papers since then. Our analysis
focuses on investigations which contained sufficient de-
tail about the experimental data to allow quantitative
analysis, consisting of 32 out of the 40 publications
available. In cases where process data were incom-
plete, authors were directly contacted, or quantities
were estimated by cross-referencing with other publi-
cations from the same author group.
The 32 publications were selected based on the avail-
ability of the following quantities: (a) reactant flow
rates, (b) total bulk residence times, (c) direct-spun
product type (SWCNT, DWCNT or MWCNT) associ-
ated with a given set of conditions, (d) additional de-
tails such as reactor material, reactor dimensions and
product yield where available. Figure 3 (b) shows the
distribution of publications according to the outlined
criteria. An example analysis is given in Table 2 of Ap-
pendix 9 along with the common parameters defined
across all studies.
The map of limiting conditions for the process of
direct spinning is inherently composed of conditions
which produce a stable aerogel that can be continu-
ously extracted from a furnace and collected on a bob-
bin. Figure 4 shows the family tree of synthesis publi-
cations in the direct-spun field since 2004. Since there
is clearly a great degree of heritability between groups,
it is important to note that there may be other possible
unexplored regions in the operating space that allow
aerogel formation. The fact that negative results are
rarely, if ever, published is a limitation to advancement
of knowledge in the field.
The 32 publications generated a total of 55 dis-
crete sets of experimental conditions and correspond-
ing products. Where publications instead referred to
a range of conditions rather than a discrete value for
a given parameter, a mid-value has been selected as
the data point, with the span of conditions indicated
as range (not error) bars. The direct-spun product
type (predominantly SWCNT, DWCNT or MWCNT)
is associated with the mid-value. It is unclear from
the literature whether the product associated with this
mid-value can be made across the entire width of as-
sociated range conditions i.e. an alternative product
type may be possible under conditions at the end of
any particular range bar.
2.2. Parameter measurement and characterisation
Reactant inputs are usually quantified using vol-
ume or mass flow control methods, often coupled with
vapour-pressure curve calculations in cases where re-
actants are being supplied as a vapour in a carrier gas
from a heated or cooled source. At present, there are
no reports of in-line, real time measurements of reac-
tant supplies to support the vapour pressure data, and
only occasionally are the calculations supported by a
measurement of the total mass of a reactant supplied
over the duration of the reaction. This means that, at
best, the reactant input data for vaporised sources is
an average value, and it assumes full vapour pressure
equilibrium within the supply equipment at all times.
In this paper, we have used the nominal mass flow rates
where quoted, and calculated flow rates from material
properties where needed. Further details on how inputs
were processed are detailed in Appendix 9.
A wide portfolio of techniques are required to char-
acterise the solid product, as no single method sup-
plies sufficient information. Measurements of product
purity (i.e. quantity of non-carbonaceous materials in
the product), uniformity of the hexagonal lattices com-
prising the CNT walls (sometimes referred to as “crys-
tallinity”), CNT type and the degree of anisotropy (i.e.
orientational order of tubes) within the product are
typical characterisation metrics.
Analyses of Scanning and Transmission Electron mi-
croscopy (SEM, TEM) images are used to determine
relative proportions of SWCNTs, double-wall CNTs
(DWCNTs) and MWCNTs in a sample. Fourier-
transformed SEM images can be used to quantify the
degree of anisotropy [79]. X-ray scattering techniques
(Small Angle and Wide Angle scattering) can offer
data on anisotropy and the purity of the constituent
CNTs [172]. Raman spectroscopy is often used as a
measure of quality, where the ratio of the Defect (D)
and Graphitic (G) peak heights or areas (IG/ID ratio)
is a commonly used metric. Raman scattering of sam-
ples shows the presence of SWCNTs in a sample, indi-
cated by Radial Breathing Mode (RBM) peaks, which
can also be used to determine SWCNT diameters and,
with the use of Kataura plots, whether CNTs of a par-
ticular diameter are metallic or semiconducting as well
as their chirality. EDX/XPS (Energy Dispersive X-ray
/ X-ray photoelectron spectroscopy) has been used to
confirm the CNT composition, surface chemistry and
other similar properties for the catalyst nanoparticles.
In addition, specific surface area and micropore size
distributions can also be measured using a gas sorp-
tion analyzer. A number of reports in the direct-spun
field give empirical relationships between reactant sup-
ply rates and trends in product characteristics, for ex-
ample various empirical studies [170, 160] have shown
how product quality and CNT type can be changed by
altering process parameters and reactant stoichiome-
try.
Process yield and carbon conversion are measured
via a combination of simple mass calculations (mass
of reactants supplied per unit time divided by mass of
product collected per unit time) and thermogravimet-
ric analysis (TGA). The method quantifies amorphous
(i.e. non-CNT) carbon mass, total CNT mass and met-
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Figure 3: (a) Bar chart showing publications on the direct-spinning process and categorised as reviews, post processing and
applications, characterisation and synthesis papers between 2004 and 2018 (July), with the number of publications of each type
shown in parentheses. The majority of the papers contributing to the chart between 2004-2016 are summarised in Hoecker et al. [61],
with additional papers from that period added as follows Review papers: 2014 [62, 63], 2016 [47], 2017 [64, 51]. Post-processing
and application papers: 2015 [65, 66], 2016 [67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 63, 77, 78, 41, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88,
89, 90, 91, 92, 93, 94, 95, 96], 2017 [97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112, 113, 114, 115, 116, 117,
118, 119, 120, 106, 121], 2018 to date [122, 123, 124, 125, 126, 127, 128, 129, 122, 130, 123]. Material characterisation: 2015 [131],
2016 [132, 133, 134, 42, 135, 136, 137, 138], 2017 [36, 43, 139, 60, 101, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149], 2018 to
date [38, 150, 151, 152, 153, 154]. Synthesis papers: 2012 [155, 156], 2013 [157], 2014 [158], 2016 [159, 160, 34, 161, 162, 163, 61],
2017 [59, 164, 165, 166], 2018 to date [167]. (b) Bar chart showing quantitative parameter availability from publications focusing
on synthesis of direct-spun materials (40 publications). The abscissa shows the categories of quantitative data necessary for the
calculations involved in this article. The ordinate indicates the number of synthesis publications with quantitative data categories
shown in the legend. Quantitative data for all categories was obtained for 32/40 synthesis publications.
Zhang, ZhouHoecker, Boies (x2)
Hou,Liu Hoecker, Boies Xu, Wu, Wang (x2)Mas, Vilatela Lee, Lee
Lee, LeeAleman, Vilatela





































Gspann, WindleHou,Liu Lee, Lee Zhang, Han
Karaeva, MordkovichYang, Li
Figure 4: Family tree for the 32 publications concerning direct-spun CNT synthesis containing sufficient quantitative data to
qualify for inclusion in our meta-analysis. The papers span a timeline from 2004–2018, shown on the left. In a given box, a name
in black text is the first author of a publication while coloured text represents the corresponding author. Changes in line-colours
connecting the boxes indicates the establishing of a new, but related (11 different families shown by different box colours), research
group. The 32 publications represented herein are: 2004 [18], 2007 [28, 168], 2010 [26, 30, 23], 2011 [31], 2012 [24], 2013 [169, 157],
2014 [33, 32, 170], 2015 [25, 171], 2016 [34, 159, 160, 70, 69, 161, 162, 163], 2017 [61, 42, 164, 165, 166, 59, 106] and 2018 [167, 124].
comparing data across publications, as variation in
technique parameters may alter measured results [173].
While TGA analyses are often available, a lack of yield
data, provided by only a handful of publications means
that the analyses can only be used as part of the char-
acterisation portfolio. Perhaps even more fundamen-
tally, the concepts of product quality or yield are not
used consistently across studies, which makes it even
more challenging to apply scientific rigour to scale up
and optimisation processes (see Section 5.3).
2.3. Common parameters




Reactor materials are typically ceramic (usually
alumina or mullite) or quartz. Quartz has a lower
maximum operating temperature. Reactors are
tubular in dimension with different radius and
length.
• Temperature profile
Maximum furnace set points of 1100 ◦C up to
1300 ◦C are typical, with the hottest zone symmet-
rically bounding the central point of the reactor
axis, stretching to between one-third and half of
the heated length and returning to approximately
200–300 ◦C at each end of the reactor.
• Residence times
Residence times covering a range of values with a
median of 20 s are typically required to produce
direct-spun product.
• Carrier gas
Mixtures of (He, N2, Ar)-H2, as well as pure H2,
N2 and Ar have been used. Depending on the
process configuration, these may additionally be
used to carry vaporised precursors into the reactor.
The impact of tubular reactors, high temperatures,
residence times and carrier gases are discussed further
in Section 3.
• Catalyst
Catalysts are typically transition metals (Fe, Co,
Ni). These are introduced via sublimation or va-
porisation of an organometallic precursor.
• Promoter
Elements of group 16, such as S, Se or Te are con-
sidered essential to the direct-spun process. Sulfur
is supplied via sublimation, or in precursors such
as thiophene (selenophene or tellurophene for Se
and Te) or carbon disulfide via vaporisation. Thio-
phene is preferred in most cases.
The role and impact of catalyst and promoter
sources are discussed further in Section 4.
• Carbon source
A variety of aliphatic (e.g. methane and hexane),
aromatic (e.g. toluene), and oxygen-containing
hydrocarbons (e.g. alcohols, ketones) are used, in
gaseous or liquid form.
The impact of different carbon sources on direct-
spun product formation is discussed further in Sec-
tion 5. While impacts of reactor materials, injection
methods and reactor temperature profiles can be dis-
cussed more generally, characterising chemistry in a
continuous flow reactor is challenging because as one
parameter is altered (e.g. reducing residence time by
increasing carrier gas flow rate) it simultaneously im-
pacts other variables (e.g. increasing in the overall di-
lution of the reaction system). Therefore, to study the
process in a systematic fashion, only elemental ratios
are used in this paper.
3. Reactor operating conditions
3.1. Reactors
All direct-spun processes investigated use vertical or
horizontal furnace tubes made of glass or ceramic ma-
terials such as quartz (SiO2), mullite (3Al2O32SiO2
or 2Al2O3SiO2) or alumina (Al2O3). These materials
play no part in the CNT growth mechanisms; however,
empirical observations reported in [174] describe the
detection of Si and Al in the direct spun product. This
is the result of H2 etching of silica in mullite and quartz
as shown in [175, 176, 177]. In addition these materi-
als are (relatively) inexpensive and are able to with-
stand the elevated temperatures required for direct-
spun production. However, their brittleness (particu-
larly with respect to the ceramics) makes them prone
to temperature-gradient stress fractures which, with-
out careful control of heating (or cooling) temperature
rates pre- (or post-) reaction, can limit tube lifetimes.
A range of cylindrical dimensions have been used for
direct-spun reactors, varying between 25 and 320 mm
in diameter and 0.7 and 2.4 m in length.
The use of a horizontal configuration results in a
strong vertical convection current at the furnace exit,
compared to a more symmetric flow pattern at the
exit of a vertically orientated tube [159]. There are
currently only two examples in the literature where
multiple reactors in series have been used for direct-
spun synthesis. Zhang et al. [164] achieved continuous
spinning out of a first reactor tube and used a sec-
ond reactor to reactivate carbon-encapsulated catalyst
particles for further direct-spun synthesis via the addi-
tion of water vapour. Hoecker et al. [166] used a two-
reactor system to show that catalyst particle synthesis
in the first reactor could be successfully decoupled from
direct-spun synthesis in the second.
The use of tubular reactors has been dictated by
common laboratory furnace configurations; to our
knowledge, exploration of other geometries has not yet
been carried out. Alternate geometries may offer dif-
ferent avenues to scale up the process or research. Sim-
ilarly, only use of ceramic or quartz reactors have been
reported, and these have inherent lifetime issues [174]
and limitations regarding machining adaptations as the
tubes are cast in one piece.
One seemingly possible way to improve reactor tem-
perature robustness and adaptability (e.g. by the ad-
dition of ports along the entire reactor axis rather
than only at tube ends) is by incorporating high
temperature-resistance metals (e.g. Kanthal, a FeCrAl
alloy). However, in cases where a Kanthal reactor tube
(ID 40 mm, L 700 mm) was used, in conjunction with
successful direct-spun reaction parameters similar to
those described in [166] by the same authors, the re-
sulting product was predominantly soot rather than
CNTs. There are two hypotheses for the unsuitability
of such metal surfaces: a) metallic nanoparticles can
be emitted from the walls, interfering with the reaction
chemistry and limiting their availability, or b) metals
serving as growth surfaces for carbon species, reacting
with carbon from the feedstocks [178, 179, 180, 181],
7
and thus reducing the amount of carbon available to
create direct-spun products.
With the current reactor tubes, catalyst materials
are lost to the walls, evidenced by deposition zones
observed post-synthesis during equipment cleaning.
Losses are dependent on catalyst nanoparticle diam-
eter, with much greater percentages of smaller parti-
cles (< 10 nm diameter) lost compared to larger ones
(see [174] and supplementary information associated
with [161]). Prevention of these losses and, therefore,
maintaining supplied ratio of reactants into the key re-
action zones (see Section 4.1.2) would also offer better
process replication and control.
3.2. Injector arrays
Numerous research groups have used different in-
jector arrays (single tubes, concentric tubes, multiple
tubes) in efforts to control the mixing of reactants rela-
tive to their decomposition temperatures. Single injec-
tors typically consist of a narrow diameter metal tube
(outer diameters < 6 mm), designed to mix the re-
actants rapidly while creating a short jet stream flow
into a selected temperature region. The jet then alters
to a fully developed Poiseuille flow within a length of
approximately three reactor-tube radii from the injec-
tor [23]. Alternatively, single shower-head injectors can
be used, occupying most of the reactor cross-section.
In these cases, the lower flow velocity creates a lami-
nar flow immediately after the injection.
There are opportunities to improve the direct-
spun process via development of novel injector tech-
niques and changes in total reactor flow rates to al-
ter mixing and reactor flow patterns. At present,
direct-spun reactors are characterised by low (typically
< 10) Reynolds numbers (Re) running in laminar flow
regimes. While this has proved advantageous in syn-
thesising anisotropic direct-spun CNT materials, the
potential benefits of improved mixing associated with
turbulence have not been explored. Under normal con-
ditions, flow patterns are always laminar forRe< 2000,
with Re > 4000 indicating the onset of turbulence
and flow instabilities beginning in the Re = 2200–2300
range [182]. Therefore lab-scale systems are unlikely to
explore direct-spun CNT synthesis in high Re ranges,
but such conditions are desirable for exploitation of the
process at large scale by industry.
3.3. Temperature profile
The temperature profile measured along the reactor
axis is one of the key parameters associated with direct-
spun CNT material production. The steepness of the
temperature gradients is determined by furnace design
and heat transfer to exposed lengths of reactor tubes.
The direct-spun process requires higher temperatures
than substrate-based CVD synthesis. The wall tem-
perature profile in a FC-CVD reactor furnace starts
around 100–250 ◦C, steeply rising to peak tempera-
tures of 1100–1500 ◦C [59], plateauing through the mid
section of the reactor and cooling towards 100–250 ◦C
at the reactor exit. Temperature ranges and gradients
of temperature profiles are clearly limited by current
equipment capabilities but extending the range beyond
1600 ◦C and having better control over the gradients
may increase reaction control.
3.4. Residence times
The residence time is another key parameter associ-
ated with direct-spun production. Figure 5(a) shows a
histogram of bulk residence times used in the observed
direct-spun experiments, with values ranging between
5 and 240 s 4. These distributions can be further cat-
egorised according to their stated direct-spun product
type (SWCNTs, DWCNTs, MWCNTs). Bulk residence
times of 60–80 s are a crossover range, with SWCNT
synthesis dominating at lower time values and MWC-
NTs generally dominating from this point on. Synthe-
sis of all three types (SWCNTs, DWCNTs, MWCNTs)
are possible across all of the reported residence times
by adjusting other parameters. Increases in carrier gas
flow rate, leading to decreased residence time, have
been correlated with smaller diameter CNTs, due to a
smaller catalyst particle size [23, 168]. Short residence
times also suppress the decomposition of hydrocarbons
and the formation of amorphous carbon [18], resulting
in products with a lower amount of non-CNT additives.
High quality SWCNTs are obtained for systems with
> 20% hydrogen gases and short residence times (typ-
ically on the order of 10 s). Liu et al. [183] suggest this
is due to the highly reactive nature of hydrogen, which
removes surface carbon from the metallic particles, and
delays the onset of catalyst particle encapsulation for
larger diameter nanoparticles.
Based on a 40 mm ID reactor of 700 mm length with
a typical temperature profile of maximum temperature
1300 ◦C, the bulk residence time is typically around
20 s. In the 600–1000 ◦C temperature zone the resi-
dence time is calculated to be 2.5 s (based on a mean
temperature of 800 ◦C) whereas the gases only spend
1.6 s in the hottest zone of the reactor. While calcu-
lating the bulk residence time we know the individual
CNT growth occurs on a faster time scale than this,
as the majority of this growth, sufficient for bundling
and aerogelation to take place, occurs in the downward
temperature profile zone (see Section 4.1.2). Once the
time-scales for formation of individual CNTs are fully
understood in the direct-spun system, the time-scales
for CNT bundling and bundle assembly into a macro-
scopic aerogel can then be determined. Knowing this
type of kinetic data would then inform reactor design
for scale-up purposes.
3.5. Carrier gas
Figure 5(b) categorises the residence times according
to the carrier gas used for the reaction (inert, hydro-
gen, inert + hydrogen). The carrier gas serves as the
main means of heat transfer from the furnace walls
to the reactants, and its flow rate controls the overall
4One inert experiment has been reported with a residence
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Figure 5: Bar charts showing (a) the influence of total bulk residence time on the main CNT type present in the direct-spun
product; SWCNTs, DWCNTs or MWCNTs and (b) the use of different carrier gas combinations distributed across the residence
time range. Carrier gas categories are inert gas (meaning Ar or N2), hydrogen + inert (meaning a mixed carrier gas system of H2
with either N2 or Ar) or hydrogen. The total number of data points associated with each CNT product type and carrier gas are
shown in parentheses in the legends.
residence time. H2 is the most common gas used in
direct-spun synthesis systems and is present at mass
concentrations from 0.02% [106] to 98% [33]. From the
literature, H2’s leading roles are thought to be in pre-
serving catalyst lifetime via etching of amorphous car-
bon [184] and controlling breakdown of the hydrocar-
bon precursors [58]. The first impetus driving the use
of inert gases was a response to safety concerns with re-
gards to using large amounts of H2. As a result several
groups have explored the use of 100% Ar [26, 106, 142]
or 100% N2 [32, 34, 70].
However, the products of the hydrocarbon pyroly-
sis in inert gases can be different to those in H2 [185]
or, where the products are the same, different in pro-
portion in H2 [186]. Different pyrolysis products, or
greater abundances of particular pyrolysis products
caused by the use of inert gases may produce a reac-
tion mixture more suitable for CNT production. This
supports the observation that reactors operated with
100% inert gases or containing some percentage of in-
ert gas generally run with shorter bulk residence times
compared to those running 100% H2 (as shown in Fig-
ure 5(b)).
The ideal composition of carrier gas remains to be
defined as the importance of hydrogen’s role as a car-
bon etchant and suppressor of precursor decomposi-
tion rate in the direct-spun process needs to be con-
firmed. If etching and precursor decomposition sup-
pressant roles are crucial, then a recent paper [159]
studying the process using a 3% H2 to 97% Ar mix-
ture potentially indicates a minimum H2 requirement
while maintaining some degree of continuous spinning.
An interesting effect was observed whilst varying the
molar ratio of Ar : H2 carrier gas in a high tempera-
ture (900–1200 ◦C) FC-CVD system with a low C to
H molar input (C:H = 1:5). We note that on average
a pure H2 direct-spun system requires a much higher
C to H molar input (see Section 5, between C:H =
1:1 and 100:1) to produce direct-spun products. Liu et
al. [183] showed that for the same argon and hydro-
gen carrier gas flow rates, they measured 7.2 ± 2 nm
and 10.1 ± 5 nm mean CNT diameters, respectively.
The authors observed a decrease in the SWCNT di-
ameter distribution of the catalytic nanoparticles with
increasing argon content.
If experiments in inert gases can be successfully re-
produced, this points to other reactant species (such
as oxygen content, see Section 4.4) compensating for
hydrogen’s chemical role. While on a laboratory scale
using hydrogen in a one-pass reactor is the norm, the
costs of hydrogen on scale up would make recycling a
necessity if it proves to be crucial to the reaction.
4. Catalyst nanoparticles and additives
4.1. Catalyst nanoparticle : metal and nucleation
sources
4.1.1. Metal source
A wide range of catalyst materials have been used
in CVD synthesis of CNTs including metals, bimetallic
or trimetallic alloys and non-metals such as silicon and
germanium [187, 188, 189], although Fe, Ni and Co are
often favoured due to their high solubility in liquid hy-
drocarbons and carbons high diffusion rate through the
metals at the requisite growth temperatures. In direct-
spun synthesis systems, catalyst precursors are usu-
ally supplied as organometallic compounds (e.g. nicke-
locene, cobaltocene and ferrocene [190, 191, 192]). Fer-
rocene was the choice in all 32 publications (see Fig-
ure 4) due to its lower toxicity, stability under am-
bient conditions and low cost. Some examples within
the field of direct-spun literature have used cobaltocene
but nickelocene was not successful [166]
The metallocenes all have very similar decomposi-
tion temperatures (≈ 450 ◦C, measured via pyrolysis
techniques in vacuum or inert conditions) but slightly
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different decomposition mechanisms. Ferrocene ini-
tially decomposes via loss of a H-atom from the cy-
clopentadiene (Cp) ring followed by the scission of both
remaining carbon rings from the Fe atom [193, 194],
whereas the corresponding Ni and Co metallocenes de-
compose via scission of the complete Cp ring through
Cp-metal bond breakage. The differences in their de-
compositon mechanisms means that the presence of H2
as a carrier gas may impact the kinetics of ferrocene de-
composition, but not that of cobaltocene. Compared to
ferrocene and cobaltocene, nickelocene is much less sta-
ble and decomposes so rapidly in H2 environments (and
at 50 ◦C, vastly below its pyrolysis temperature [195])
that the reduction to Ni occurs in the injector system,
preventing delivery of the metallocene to the reactor.
Homogeneous formation of nanoparticles initially oc-
curs in the reactor upon decomposition of the metal-
locenes, once local vapour saturation levels are reached.
These can then grow into larger clusters. Evidence
from plasma and flame studies [196, 197] at temper-
atures similar to direct-spun systems suggests that in
the case of Fe, a critical cluster size of 9–12 atoms
is required for further growth to occur by coalescence
and agglomeration. Below the critical cluster size the
reduction in bulk free energy due to clustering does
not compensate for the increase in surface free en-
ergy at the liquid-vapour interface and vaporisation
occurs [198]. Particle size distribution studies [166]
along the axis of a direct-spun reactor have shown that
upstream-nucleated nanoparticles of iron were not de-
tected below 1050 ◦C (see Section 4.1.2). This indicates
that insufficient Fe atoms were present below 1050 ◦C
for particle nuclei of the critical cluster size to form.
One may note, however, as described In section 3.1,
that if mullite or quartz are used as reactor materials,
the H2 etching of particles from the walls creates a po-
tential source for heterogeneous nucleation of catalyst
particles. In addition, any CNTs formed in the first
stage of the reactor do not disappear or evaporate in
the middle section of the reactor, and so can also be a
surface for heterogeneous renucleation of iron nanopar-
ticles [161].
4.1.2. Nucleation source
The control of active catalyst nanoparticle genera-
tion and composition is not dependent on the metal
source alone. The inclusion of an element from group
16 (S, Se, Te) is also crucial to the direct-spun pro-
cess. These elements play two important roles: as a
promoter of CNT growth, as well as a promoter of cat-
alyst nanoparticle nucleation. CNT growth promotion
by group 16 elements is discussed in Section 5.4 while
here we discuss its role of nucleation. Sulfur is the most
commonly used group 16 promoter, delivered via thio-
phene for 45 of the 55 data points [18, 28, 168, 26, 30,
23, 31, 24, 169, 157, 33, 32, 170, 25, 34, 171, 159, 70, 69,
161, 163, 59, 61, 166, 164, 167, 42, 124], either through
vaporisation of thiophene or co-supplied with a liquid
phase carbon source. Supply via sublimation of ele-
mental S generated 7 data points [25, 160, 106, 165] and
vaporisation of carbon disulfide, one datapoint [31].
The remaining two data points [162] used selenium sup-
plied via selenophene (its thiophene analogue). One
particular set of investigations [199, 163] claimed the
ability to generate direct-spun product without the ad-
dition of sulfur. However, attempts to replicate the
experiment using the same equipment have proven un-
successful [33].
Figure 6 shows the effect of sulfur on catalyst particle
nucleation along the reactor axis, described based on
results measured using a particular reactor geometry
and reactant input rates [166]. In the absence of sulfur
(Figure 6(a)), catalyst nanoparticles only form once
sufficient Fe has been released via ferrocene decom-
position to create a saturated Fe-vapour-concentration
such that atom-clusters with a radius exceeding the
critical radius can form (first orange zone, Figure 6(a)).
Diffusion losses of the catalyst nanoparticles to the re-
actor walls occurs [161, 174], lowering the Fe concen-
tration in the system. Catalyst nanoparticle evapora-
tion then occurs as the remaining particles are advected
downstream by the carrier gases to the hottest section
of the reactor. Renucleation from the iron vapour oc-
curs on the downward temperature profile as the gas
phase reaches Fe-supersaturation.
In the presence of sulfur (Figure 6(b)), catalyst
nanoparticles nucleate and renucleate farther down-
stream at lower and higher temperatures, respectively,
than without sulfur. S is thought to lower the energy
required for critical cluster formation, analagously to
its role in increasing nucleation in atmospheric and
diesel emissions aerosol systems [200, 201, 202]. The
role of S as a nucleating agent does not influence the
size of the final catalyst nanoparticles, and thus does
not make up a large mass fraction of the final particles.
A small fraction of S lowers the nucleation threshold,
allowing the Fe growth and coagulation which are the
dominant mechanisms once particles have nucleated.
This is shown in [166] where the mean diameter of the
resulting particle size distribution is 15 nm, both with
and without S, albeit with a larger geometric standard
deviation when S is present.
The experiments described in [166] were conducted
in the presence of only the small amount of C re-
leased during the decomposition of the ferrocene and
thiophene. However, earlier experimental work by
the same group showed that nucleation, evaporation
and renucleation of the catalyst nanoparticles persisted
under conditions in which carbon for growing CNTs
was sufficient [161]. SEM analysis showed deposition
of catalyst nanoparticles on a small amount of CNT
formed in the nucleation zone, followed by evaporation
of these catalyst nanoparticles from the scant CNT
bundles in the hottest part of the reactor. Further-
more, considering the lowering of the surface tension
of a ternary system as an analogy for a lowering of the
boiling point, a cessile-drop study on the surface ten-
sions of Fe-C-S systems by Lee et al. [203] showed that
addition of C to an Fe-S system increased the chemical
activity of S, resulting in a drop in the surface tension
of the ternary system.



















Figure 6: Schematic showing the effect on catalyst nanoparticle
nucleation, growth, evaporation and renucleation in (a) absence
and (b) presence of sulfur along a reactor axis in relation to
a typical temperature profile associated with a tubular reactor
(hottest zone in the centre region, with a positive(negative) tem-
perature gradient in the first(last) portion of the reactor tube).
different S-sources and therefore the S-availability for
catalyst particle generation and CNT growth promo-
tion can lead to differences in the types of CNTs mak-
ing up the direct-spun products. This will be discussed
in sections 4.2 and 5.4 in relation to Fe and C sources,
respectively.
4.2. Effect of S/Fe ratio on CNT product morphology
Figure 7 shows the sulfur to iron molar input rates
for all of the direct-spun reaction studies discussed,
overlaid with colour shading indicating the resulting
CNT morphology (SWCNTs, DWCNTs and MWC-
NTs) in the direct-spun product. Successful reactions
have been established for S/Fe molar ratios between 0.1
and 10 as indicated by the dashed (blue and red) trend
lines in Figure 7 corresponding to the minimum (0.1)
and maximum (10) molar ratios. The minimum ratio
correlates most closely with studies where elemental S
was sublimed whereas the maximum ratio corresponds
to studies where thiophene was vaporised.
Below the dashed blue line is the current experi-
mentally determined S/Fe molar lower boundary for
successful direct-spun processes, beyond which if the
molar ratio is decreased, a spinnable product has not
been reported. The lower boundary may indicate that
enough sulfur must be present to lower the nucleation
barrier sufficiently to create enough suitable catalytic
nanoparticles for CNT growth. Similarly, the dashed
red line describes the current experimentally deter-
mined upper boundary, beyond which product yield
is too low to be successfully collected.
Between the blue and red boundaries, as the mo-
lar ratio is increased, the corresponding product moves
from being predominately SWCNTs (blue) to DWC-
NTs (grey) to MWCNTs (red) in the direct-spun ma-
terial. The upper and lower S/Fe boundaries shown
on Figure 7 both coincide with the use of CH4 as the
carbon source while the liquid injection experiments,
typically using alcohols or higher molecular weight hy-
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Figure 7: The total promoter (ordinate) and iron (abcissa) mo-
lar flow rates for all successful direct-spinning experiments in the
dataset with the predominant CNT type present in the prod-
uct. The triangles (circles) represent gas (liquid) injection ex-
periments. The colours of the data points indicate the pro-
moter source used in each experiment. Black, yellow, purple
and green correspond to thiophene, sulfur, carbon disulfide and
selenophene, respectively. The shaded red, grey and blue regions
correspond to MWCNTs, DWCNTs and SWCNTs respectively.
all use thiophene as their S-source. The fact that the
data for non-CH4 sources consists of widely distributed
points to their being multiple factors (for example iron
availability with respect to carbon availability from dif-
ferent feed-stocks) controlling the type of CNT syn-
thesised and the complexity of the parameter space.
Although there are not many studies associated with
the use of elemental sulfur (yellow triangles), the trend
does appear to be comparable to that of thiophene
(black triangles). The use of elemental sulfur allows
less S for a given amount of Fe, and the resulting direct-
spun product tends to consist mainly of SWCNTs.
The two main effects linked to the nature of the nu-
cleation sources are: (a) the S availability relative to
Fe due to decomposition temperature (thiophene) or
vapour pressure (elemental sulfur) of the source and
(b) the contribution of any C from the metal and nu-
cleation source towards CNT growth. The thermal
breakdown of thiophene begins at 800 ◦C [204] and
therefore occurs further along the reactor temperature
profile, compared with elemental sulfur which is avail-
able immediately for participation in catalyst nanopar-
ticle nucleation processes. The presence of Fe species
as potential catalysts does not lower the temperature
of S availability [61]. An overview of the nucleation
process will be summarised in Section 6.
4.3. Effect of S/Fe ratio on catalyst composition
Studies using high resolution TEM and EELS (Elec-
tron Energy Loss Spectroscopy) of ex situ, catalyst
nanoparticles used in direct-spun production showed
that sulfur was located only at the catalyst sur-
face [205, 170, 25]. Motta et al. highlighted that S-
separation to the surface in Fe-rich systems is a widely
known effect exploited in the cast iron and steel pro-
duction industries [206, 207, 208, 209]. Additional evi-
dence (see references within [205]) shows S-segregation
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to the surface of molten macroscopic Fe droplets and
to the interface between the Fe droplets and their sup-
port.
Sections 4.3.1 and 4.3.2 use ternary phase diagrams
to indicate the active catalyst compositions, which are
composed of two immiscible liquid phases, a carbon-
rich liquid (L1) and sulfur-rich liquid (L2). The use
of equilibrium, bulk phase ternary phase diagrams to
describe finite time nanoscale systems is justified as
follows. The typical timescales for ferrocene to fully
decompose in carbon-rich flame regions of comparable
temperatures is a maximum of 0.1 s, based on calcula-
tions using data contained in [210, 211]. This compares
to total bulk residence times in the reported dataset of
an average of 20 s. Even if the residence time of reac-
tants in the hottest parts of a reactor is lower than one
fifth of the total residence time (due to expansion of
the total gas volume with temperature), the duration
far exceeds the necessary time scales for equilibrium to
be reached.
While initial phase diagrams only covered tempera-
ture ranges down to 1400 ◦C (a temperature above the
set reactor temperatures of the majority of the stud-
ied dataset), it is important to remember that there
is a lowering of melting points for nanoscale objects
when compared to the equivalent bulk phases due to
the Gibbs-Thomson effect [212]. This effect has been
quantified by Ding et al. [213] who calculated the size
dependence of pure Fe clusters on temperature through
a molecular dynamics approach. They found that the
coalescence (and hence the melting temperatures) of
nanoscale clusters decrease linearly with decreasing
cluster diameter, so that 6 nm diameter Fe nanoparti-
cles are expected to melt at 1167 ◦C compared to a bulk
melting point for Fe of 1538 ◦C. Experimental work
by Benissad et al. [214] found that the melting point
of 15 nm Fe nanoparticles was decreased to 1100 ◦C.
Therefore, phase changes described at higher temper-
atures in the bulk phase can be used to consider their
analogues in nanoparticles at somewhat lower temper-
atures.
In Section 4.3.1 links are made between the alter-
ation of L1/L2 ratio and the resulting CNT product
morphology. In Section 4.3.2 new information on the
temperature evolution of the immiscible boundaries in-
dicates a minimum critical operating temperature for
direct-spun product will exist.
4.3.1. Fe–S–C ternary phase diagram : effect of S
Information from the binary phase diagrams (see Ap-
pendix 10) can be used to construct ternary Fe–S–C
phase diagrams (Figure 8 and Figure 9). The phases
shown along the horizontal S axis of Figure 8(a) corre-
spond to the 1400 ◦C line marked on the binary Fe–S
diagram (Figure 15(a)) and those along the 60◦ angle
Fe axis correspond to the 1400 ◦C line in the binary Fe–
C diagram (Figure 15(b)). Recent work by Tafwidli et
al. [215] has allowed a more accurate determination
of the isothermal sections at 1400 ◦C to construct the
boundaries in Figure 8(a). The positions of the cata-
lyst compositions calculated from the study of inactive
Figure 8: (a) Bulk equilibrium section (mass percentages) of the
Fe–C–S ternary phase diagram at 1400 ◦C. Black squares on the
Fe(S) axis mark phase changes on the related Fe–C(Fe–S) bi-
nary phase diagrams (see Appendix 10). The schematic within
(a) shows the two immiscible carbon and sulfur-rich liquids L1
and L2 that comprise an active catalyst nanoparticle. The or-
ange, green and grey (purple) circles indicate an active (inactive)
catalyst mass composition in the absence of carbon. Single, dou-
ble and triple-circled points indicate catalyst nanoparticles of
decreasing L1/L2 ratios of 3, 1 and 0.25, respectively with (b)
illustrating the impact of this on the catalyst composition.
(purple circle [170]) and active particles (orange circle,
ignoring the carbon content [170] and green circle [25])
are also plotted.
The composition of the immiscible carbon-rich liquid
(L1–grey solid square) and sulfur-rich liquid (L2–yellow
solid square) contain up to 93% Fe, 2.5% S, 4.5% C
and 73.5% Fe, 26% S, 0.5% C, by mass respectively,
at 1400 ◦C [215] 5. The surfactant role of sulfur in
liquid iron (the addition of sulfur lowers the surface
tension of liquid iron [216]), coupled with the evidence
from high resolution TEM and EELS indicates that
the L2 liquid forms the outer shell as illustrated by the
catalyst nanoparticle sketch embedded in Figure 8(a).
Following the hypothesis [170] stating that the cat-
alyst composition of active particles needs to be in the
L1 + L2 (red) region for successful direct-spun pro-
cesses, we now relate this to the S/Fe molar ratio range
found in our dataset. From the experimental dataset
(Figure 7) it can be seen that the minimum input molar
ratio (S/Fe) is one sulfur atom for every ten iron atoms,
corresponding to a mass ratio of 94.6% Fe : 5.4% S
(grey circle on the S axis in Figure 8(a)). The maxi-
5In Tafwidli’s work [215], L1 and L2 are modelled as hav-
ing the same elemental composition as cementite (Fe3C) and
pyrrhotite (Fe1−xS (x = 0–0.2)), respectively.
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mum ratio used in experiments is ten sulfur atoms for
every one iron atom, corresponding to a mass ratio of
14.8% Fe : 85.2% S (this would occur at the far right
hand corner of Figure 8(a)). This implies that the re-
action system can tolerate the presence of an excess
of S, but if the hypothesis holds true [170], the excess
must not be present in the catalyst. In Section 5.4, we
discuss the consequence of excess sulfur further with
respect to CNT growth in the system.
For the minimum S/Fe ratio, only one carbon atom
for every 10 Fe and 1 S is required to create an ac-
tive catalyst composition (shifting the mass% compo-
sition from the grey circle to a single white circled point
within the red region of Figure 8(a)). A particle of this
composition would contain 75% mass L1 and 25% mass
L2. Increasing L2 content moves the total catalyst com-
position to the bottom right of the red region (following
the direction of travel indicated in Figure 8 (a) from
1 to 2 to 3 white circles). Particles of L1/L2 ratios of
1 (50%/50%) and 0.25 (20%/80%) correspond to the
double-circled and triple-circled points, respectively.
In Figure 7, we can see that predominately SWCNT
and MWCNT products are synthesised using low and
high S/Fe ratios, respectively. These ratios correlate
with low and high L1/L2 ratios, respectively and have
consequences for the catalyst nanoparticle structure as
sketched in Figure 8(b). The single, double and triple
white circled points in Figure 8(b) correspond to the
L1/L2 ratios 3, 1 and 0.25. Nanoparticles of a low
L2 composition (Figure 8(b)(i)) consist of droplet(s)
which form a nucleation site, or sites, for a small diam-
eter (and therefore single-wall) nanotube(s) to grow.
This theory is supported by evidence found in a num-
ber of papers where SWCNTs of significantly smaller
diameter than their active catalyst nanoparticle 6 have
been observed with S/Fe ratios between 0.002 7 and
0.4 being used [217, 218, 25, 165].
For the maximum S/Fe molar ratio systems we hy-
pothesise that the CNTs grow from catalyst nanopar-
ticles that exist in the bottom right (L2 dominated)
part of the active L1 + L2 zone (represented by Fig-
ure 8(b)(ii) and (iii)). In this case, the entire surface of
the catalyst nanoparticle will be dominated by L2 and
the CNT diameter will be determined by the diameter
of the catalyst nanoparticle, with MWCNTs dominat-
ing the resulting product.
4.3.2. Fe–S–C ternary phase diagram : effect of T
Recent work [215] on the Fe–S–C ternary phase di-
agrams has allowed a more accurate determination of
the phase boundaries from 1600 to 1200 ◦C as shown in
Figure 9(a). This new information highlights that the
coexistence of the carbon-rich liquid (L1) and sulfur-
rich liquid (L2) phases, for a given Fe : C : S ratio,
only occurs above 1400 ◦C (indicated by the red immis-
6The diameters of the CNTs were of the order of 3 times
smaller than the corresponding nanoparticle from which they
grew [25, 165].
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Figure 9: (a) Bulk equilibrium section (mass percentages) of the
Fe–C–S ternary phase diagram at various temperatures between
1200 ◦C and 1600 ◦C. The carbon and sulfur-rich liquids phases
L1 and L2 exist above 1200 ◦C with the immiscible boundaries
occuring for a range of Fe : C : S compositions at temperatures
above 1300 ◦C. The double-circled point is located in (a) where
the Fe : C : S composition corresponds to L1/L2 = 1 with (b)
showing the impact of increasing temperature on the phases of
this catalyst nanoparticle.
cible boundary line) in Figure 9(a). Between 1200 ◦C
and 1300 ◦C, both phases can exist, but only at high C
(mass%) and high S (mass%), respectively, represented
by the areas bounded by the blue and green isothermal
phase boundaries, respectively.
We use Figure 9 to study the evolution of the active
catalyst particles as they experience the temperature
gradients present in a direct-spinning reactor. Note
that as described in Section 4.3 we are extrapolating
from the higher temperatures based on bulk phase dia-
grams to predict the behaviour of nanoparticles at the
temperatures associated with the direct-spun process.
Consider a particle of composition 85.4% Fe, 12.8% S,
1.8% C, indicated by the 2 white circles in Figure 9 (a).
Up to 1000 ◦C it will be a solid particle as shown in
Figure 9(b)(i). It contains no L1 or L2 phases and so
will not be active for rapid CNT growth 8. Between
1000 and 1300 ◦C the same particle contains Fe and liq-
uid Fe (LFe) dominated phases Figure 9 (b)(ii). Only
once the particle reaches 1400 ◦C does it split to a two-
phase (50% L1 and 50% L2) system represented by Fig-
8CNT growth rates measured without sulfur addition have
diffusion-limited values of 0.2–17 µm s−1 [219, 220, 221, 222].
Growth rates of CNTs in direct-spinning systems are not
diffusion-limited and a recent paper has shown that S increases
the growth rate [223].
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ure 9(b)(iii). Only in this situation can the sulfur-rich
liquid phase facilitate rapid CNT growth.
We discussed in Section 4.1.2 how catalyst particles
can evaporate at high temperatures in the direct spin-
ning process. Therefore the presence of active catalyst
nanoparticles in the positive temperature gradient re-
gion is decreased due to their evaporation. Where cat-
alyst particles renucleate due to negative temperature
gradients, their renucleation as particles of mixed L1 +
L2 phases will drive rapid CNT growth. While an ab-
solute temperature for the presence of active catalyst
nanoparticles cannot be determined due to the uncer-
tainties inherent in applying bulk data to nanoscale
systems, the information suggests that there will be
a minimum temperature on the positive temperature
gradient (maximum temperature on the negative tem-
perature gradient) where active particles will exist.
4.3.3. Achieving CNT selectivity by catalyst control?
A degree of selectivity over CNT chiral indices can be
achieved via catalyst nanoparticle diameter or choice
of metallic catalyst. For example, a bias towards
CNTs with armchair configurations can be achieved
when SWCNTs are synthesised in iron-catalyst based
FC-CVD processes due to the CNTs growing from
small liquid-like catalyst nanoparticles [31, 132, 224].
Conversely, a recent publication has shown that
small cobalt-tungsten based solid catalyst nanoparti-
cles favour semiconducting CNT synthesis [225].
At present, the approach to identifying combinations
of catalysts and synthesis methods offering chiral se-
lectivity is essentially empirical. However, to create
customised catalyst nanoparticles tuned towards syn-
thesis of a particular CNT type will require the control
of catalyst chemistry and size in accordance with guid-
ance offered by ternary phase diagrams that account
for nanoscale thermodynamic properties.
With reference specifically to reactions for synthe-
sising directly spun product, catalyst control is limited
by the kinetics and thermodynamics of catalyst pre-
cursor decomposition in the gas phase and by an over-
all dilution of the system. Separation of the catalyst
nanoparticle synthesis and CNT growth steps poten-
tially offers an opportunity for a much higher level of
control, allowing for a wider range of catalyst materi-
als to be explored. Providing a mono-sized supply of
catalysts with controlled chemistry into the reaction
zone may offer optimisation of individual CNT proper-
ties, an in turn enhance the performance of direct-spun
product. While potential for such systems has been
demonstrated at the laboratory scale (e.g. by means
of catalyst mobility size selection), future work is re-
quired to scale these techniques for high throughput.
4.4. Effect of O-containing species
Next we discuss the relevance of different additives to
the reaction system and their roles in maintaining the
catalyst activity (as only a tiny percentage of catalyst
nanoparticles promote CNT growth [170]), preventing
graphitic encapsulation of the nanoparticles and there-
fore facilitating CNT growth. The group 16 elements
O and S have distinct but different roles in this regard.
Unlike S, O is not essential for a successful aerogel for-
mation in the direct-spun process. However, some pub-
lications have indicated that oxygen may improve selec-
tivity in CNT growth (e.g. semiconductor vs metallic
CNTs) [226], increase CNT growth kinetics [227, 228],
length of CNTs [229], and minimise amorphous car-
bon by-products [230] while additionally reducing the
overall concentration of hydrogen required in the reac-
tor [231]. Oxygen can be introduced into the reactor as
a constituent of the hydrocarbon, (in alcohols, acetone
etc.) which is the most common method employed in
direct-spun systems. Alternatively, it could be added
separately, e.g. as water vapour (as found for three
data points [24, 169, 25]). No publications have intro-
duced pure oxygen into the reactor as a gas due to the
explosion risks associated with mixtures of hydrogen
and oxygen at high temperature.
Figure 10(a) shows the total iron and oxygen molar
flow rates for the subset of relevant aerogel data (39 of
55 data points). The dashed (black) trend line in Fig-
ure 10(a) corresponds to a molar ratio of 250 O : 1 Fe.
Three data points, circled in red, correspond to stud-
ies where there was an injection of water rather than
supply of oxygen as a constituent of the hydrocarbon.
Two of these data points, where water was injected as a
vapour separately from the other reactants [24, 25] do
not follow the trend line while the third, where water
was injected with other liquid reactants [169] falls on
it. In experiments where water is injected as a vapour,
significantly more iron can be injected compared with
experiments where oxygen is supplied as a constituent
of the hydrocarbon. This suggests that oxygen from
water vapour plays an important role as it becomes
available. Zhang et al. [164] showed using the direct-
spun process in two coupled FC-CVD furnaces that
deactivated (carbon-encapsulated) iron nanoparticles
could be reactivated after reacting with hydrogen and
water vapour. The authors showed that in the ab-
sence of water vapour CNTs could not be spun out of
a second furnace and claimed that the water vapour re-
activated catalyst activity by etching away amorphous
carbon at high temperatures. Note that as the molar
input of Fe is increased, the corresponding amount of
C in the reactor can also be increased (see Figure 11).
Therefore when a carbon source contains an O atom,
it can be seen that the Fe : O ratio follows a similar
trend to the Fe : C ratio.
Figure 10(b) shows the total carrier gas (H2 + N2 +
Ar) and oxygen molar fractions for the oxygen contain-
ing data subset, with the dashed (black) line describing
the corresponding trend. All experiments in the data
set without oxygen require a carrier gas molar frac-
tion greater than 0.95. Alternatively, when oxygen is
present, the carrier gas mole fraction can be as low as
0.65. The four data points with the lowest mole frac-
tions of carrier gas all correspond to experiments where
no H2 was used [26, 106, 142, 32, 34, 70]. Additionally
these experiments have the highest O mole fractions
(up to 0.11). It can therefore be presumed that O/S
etchant role is in helping to preserve catalyst activity
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Figure 10: (a) The total iron (ordinate) and oxygen (abcissa) molar flow rates and (b) total carrier gas (H2 + N2 + Ar, ordinate)
and oxygen (abcissa) mole fractions are plotted for all successful direct-spinning experiments in the dataset. The red circles in
(a) indicate experiments where O was added as water, whereas for other data points O is a constituent atom in the hydrocarbon
source. The blue circles in (b) indicate experiments carried out using either Ar or N2 as the carrier gas (inert experiments). For
(a) and (b) the triangles (circles) represent gas (liquid) injection experiments. The colours of the data points indicate the promoter
source used in each experiment. Black, yellow, purple and green correspond to thiophene, sulfur, carbon disulfide and selenophene,
respectively.
in the absence of H2 suppressing hydrocarbon pyrolysis
(see Section 5.1 for an explanation of links between H2
and pyrolysis).
Therefore, for experiments using inert carrier gases
that include O in their reaction systems (highlighted by
blue circles) the overall volume of carrier gas required is
reduced. The monetary and safety benefits of running
without H2 on scale-up of the reaction are considerable,
if factors such as product yield and bulk properties are
not adversely impacted. Much more work is required
in this area to confirm results from the inert gas ex-
periments and identify the differences in chemistries
between systems using or not using H2 as a significant
component of reaction mixtures.
Up until this point, the article has focused on the
factors influencing nanoparticle formation and how the
formed nanoparticles can impact the nature of the
CNT product. The next section discusses the growth
of CNTs in relation to the breakdown of the carbon
precursor and their carbon availability, using the cor-
relations of iron to carbon to quantify observable reac-
tion trends and discuss the other main function of S in
promotion of CNT growth.
5. CNT growth
5.1. Carbon precursor
Direct-spun formation has been demonstrated us-
ing a wide range of single hydrocarbon sources and
combinations of two hydrocarbon sources. Single hy-
drocarbons include methane [CH4] (13 studies [31, 33,
25, 160, 161, 106, 61, 166, 165, 42]), acetylene [C2H2]
(one study [165]), ethylene [C2H4] (one study [165])
and toluene [C7H10] (3 studies [33, 61, 42]) 9. Oxy-
genated species include ethanol [C2H5OH] (22 stud-
9Note Gspann et al. [33] use mg min−1 instead of g h−1 for
their carbon precursor input rate.
ies [18, 28, 168, 23, 24, 169, 157, 32, 34, 70, 69, 163, 61,
164, 124]), n-butanol [CH3 CH2CH2CH2OH] (9 stud-
ies [170, 171, 162, 42]) and acetone [CH3OCH3] (3 stud-
ies [26, 30, 25]). Combinations of hydrocarbon sources
which have also proved successful, include methanol
[CH3OH] with n-hexane [C6H14] (2 studies [159, 59]),
and ethanol with acetone (one study [167]). A
direct-spun reaction has also been reported using 1-
propanol [CH3CH2CH2OH], diethylether [(C2H5)2O],
ethylene glycol [-(CH2-CH2-O)9] [232] and ethylfor-
mate [CH3CH2COOH]. Attempts at direct-spun pro-
duction using methanol, n-hexane, benzene [C6H6] and
mesitylene [C6H3(CH3)3] on their own have been un-
successful [18, 28]; however, the addition of methanol
to the hydrocarbons (hexane, benzene and mesitylene)
made it possible [18, 159].
In direct-spun processes, there are two routes to the
release of C from the hydrocarbon for CNT growth.
The first is catalytic breakdown of the precursor
molecule on the Fe-based nanoparticle. The second
is the thermal pyrolysis of the precursor molecule, re-
sulting in the formation of a range of pyrolytic car-
bon products, followed by a further catalytic break-
down of these pyrolysis products. The supply of pyrol-
ysis products concurrently drive the formation of gen-
erally unwanted carbon species (for example carbon-
encapsulated catalyst nanoparticles, amorphous car-
bon deposits, wide diameter, badly deformed carbon
tubules and soot [33]). Information on decomposition
temperatures and bond dissociation energies are avail-
able for all of the hydrocarbon sources commonly used
in direct-spun systems [233, 234, 235, 236, 237]. This
information provides a simple explanation of i) the ex-
pected temperature at which carbon should start to
become available via pyrolysis and ii) by considering
which bonds have the lowest dissociation energy, the
types of pyrolysis products which might emerge. How-
ever, often pyrolysis data is collected under vacuum
conditions or uses inert gases as buffers to keep systems
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oxygen-free. Therefore care must be taken in extrapo-
lating information related to the reported decomposi-
tion products (particularly solid carbon) to direct-spun
systems. Direct-spun systems often contain high con-
centrations of H2 which can participate in the pyrolysis
processes, leading to a different balance of decomposi-
tion products than that derived in hydrogen-free sys-
tems [185].
5.1.1. Loss of carbon as CO
When considering selection of a carbon source with
respect to the maximum amount of carbon available
for CNT growth per mole of species, the pyrolytic
breakdown pathways are particularly pertinent. Be-
ing isostoichiometric, in optimised reaction conditions,
both methane and methanol should release the same
amount of C per unit molecule for CNT growth. How-
ever, direct-spun processes can be run with methane
but not with methanol alone [238]. This is because
90% of carbon released via methanol pyrolysis forms
carbon monoxide (CO) [236] via a multistage mecha-
nism initiated by the breaking of the H-CH2OH bond,
the weakest in the molecule, that then proceeds via the
formation of formaldehyde (H2C=O) to CO while the
remainder converts to CH4 [239]. Given the strength
of the carbon-oxygen bond, CO remains stable in the
reactor, leaving with the exhaust gases, and remov-
ing the carbon from CNT growth mechanisms. This
possibility of CO acting as a carbon sink needs to be
considered for all alcohols.
Ethanol decomposition via the beta-scission mecha-
nism [240] also results in the formation of CH4, ethane,
ethylene, small amounts of CO2 and H2O [236, 241].
The utilisation of only the beta-scission carbon from
ethanol molecules for CNT growth has more recently
been supported by experiments with isotopically la-
belled ethanol (12CH3-13CH2-OH) which found that
no 13C was incorporated into the CNT structures [242].
The hydrocarbons released from ethanol decomposition
continue on high temperature reaction paths through
to acetylene [236]. Any small amounts of CO2 in the
presence of trace H2O may react with H2, undergo-
ing a high-temperature water-gas shift reaction, catal-
ysed by Fe-based catalysts resulting in the presence
of CO in the exhaust gas. Both CO and CO2 ulti-
mately act as carbon sinks with respect to the direct-
spun growth. For example Zhang et al. [164] detected
CO and CO2 in the gases exiting a FC-CVD reactor
when using ethanol. Their exit gas analysis showed
12.78 mol% methane, 8.53 mol% carbon monoxide,
0.08 mol% carbon dioxide, and 78.60 mol% hydrogen.
Ethylene and hydrogen sulphide were also detected in
negligible quantities.
Multiple decomposition routes and intermediates
available through n-butanol make calculation of the ab-
solute losses to CO much more complicated [243], par-
ticularly as the first stage of the decomposition seems
to split equally between two routes: a dehydrogenation
route which ultimately leads through to the formalde-
hyde decompostion previously described for methanol,
and a dehydration route, where H2O is the first small
molecule eliminated. Acetone, which is also used in di-
rect spinning [30] loses up to 43% of its carbon to CO
and proceeds via initial scission of the H3C-C(O)CH3
bond [239].
5.1.2. Pyrolysis products including acetylene
There is evidence that acetylene is the main precur-
sor molecule for CNT synthesis, despite the wide range
of carbon precursors used [244, 245]. Eres et al. [244]
carried out CNT growth experiments under vacuum via
impinging a molecular beam of hydrocarbon molecules
onto a heated catalyst target. The technique prevents
secondary collisions of the precursor molecule (or any of
its pyrolysis products) with the catalyst, hence allow-
ing quantification of the amount of CNT growth from
a particular carbon source. Acetylene pyrolysis pro-
duced an order of magnitude more CNT growth than
propylene, while methane, ethylene, benzene and xy-
lene produced no CNTs. The authors concluded that
CNT growth from most of the commonly used carbon
sources is via their secondary, decomposition products.
Zhong et al. [245] used a mixture of 10% by volume
CH4 diluted in H2 in a plasma-enhanced CVD reactor
to grow a SWCNT carpet on a heated substrate.They
showed that the carbon precursor leading to SWCNT
growth was not CH4, as the SWCNTs did not grow
when the plasma (which would crack the CH4) was
switched off. Analysis by mass spectroscopy identified
conversion of the CH4 to acetylene and the researchers
further confirmed acetylene as the active species by
carrying out a successful SWCNT growth experiment
without the plasma, under otherwise comparable con-
ditions using 5% acetylene in H2.
These experimental results agree with the modelling
work of Kuwana et al. [246] who carried out a numerical
analysis for the pyrolysis of xylene and toluene in the
presence of 10% H2. They showed that considerable
quantities of acetylene can be generated above 700 ◦C.
CH4 pyrolysis begins at 1000 ◦C [247] and is very slow
as shown in [248] where in a H2 environment, CH4 only
cracks catalytically, producing no amorphous carbon
deposits over a period of 10 minutes. However, once
CH4 pyrolysis occurs, it also produces acetylene as a
tertiary decomposition product [249]. Thermodynamic
calculations show that most hydrocarbons become un-
stable as the temperature of the system is increased
whereas acetylene becomes more stable as temperature
increases [250]. While acetylene remains unstable rel-
ative to both hydrogen and carbon in these circum-
stances, it can be assumed that, due to Le Chatelier’s
principle (C2H2 ⇌ 2C + H2 +227 kJ mol−1 [251]),
the presence of an excess of H2 in direct-spun systems
would shift the position of equilibrium towards acety-
lene [251].
Lee et al. [165] have successfully showed direct-spun
production using three different hydrocarbon sources
(methane, acetylene and ethylene) injected at differ-
ent locations of the reactor (using independent injec-
tion tubes) relative to the catalyst source. The au-
thors showed that product can be successfully spun
from methane, with a high decomposition temperature,
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for injectors at a wide range of locations. However,
for acetylene and ethylene, spinning was only possible
within very narrow ranges of injector locations. The
hypothesis for this was that the catalyst particles were
deactivated due to the excess carbon released before a
critical catalyst nanoparticle size could be reached.
Within a critical temperature window the authors
were able to use almost two orders of magnitude less
moles of carbon for acetylene and ethylene compared
with methane, for the same conditions. In addition,
measured IG/ID ratios were 70, 19 and 4 for acetylene,
ethylene and methane, respectively, therefore acety-
lene produced CNTs with higher purity. Note that
unlike the conventional injection of precursors at the
upstream end of the reactor, different injection loca-
tions resulted in complete separation of catalyst growth
and CNT synthesis.
5.1.3. What is the ideal carbon source?
In future, to make a fair comparison in terms of ideal
hydrocarbon sources for direct-spun processes, hydro-
carbon sources need to be supplied at rates where their
carbon availabilities (based on their pyrolysis mecha-
nisms) are comparable. At the same time,the dilution
of the hydrocarbon source and the concentrations of
the Fe and S precursors must be held constant. At
present, studies controlled to this level of detail do not
exist in the literature.
Despite the evidence pointing towards pyrolysis
products including acetylene, identification of the ac-
tive carbon building blocks for CNT growth in the
direct-spun system is still an open question. Data need
to be supported by a quantitative analysis of decom-
position routes of common carbon sources in hydrogen
environments.
A route to achieve direct-spun product selectivity
with respect to SWCNTs, DWCNTs and MWCNTs,
while maximising reaction yield, could be through use
of a mixture of carbon precursors (rather than indi-
vidual hydrocarbon species) leading to an idealised py-
rolytic carbon mixture. This requires detailed knowl-
edge of the pyrolysis processes in the system and defi-
nition of what the ideal pyrolysis mixture is. A lack of
literature covering these pyrolysis routes means ther-
modynamic and kinetic modelling are unavailable to in-
form researchers about the reaction intermediates. In
examples where authors have used binary mixtures of
carbon precursors [167, 159, 59] there is no direct link
made between their choices and pyrolysis chemistry or
overall yield.
5.2. Effect of Fe/C ratio on catalyst nanoparticle effi-
ciency
While the experiments studied in this analysis have
successfully synthesised CNTs using different reactors,
mixtures, temperatures, and flow rates, the propor-
tions of iron to carbon molar ratios leading to success-
ful CNT aerogel formation fall into a relatively narrow
band. Figure 11 highlights this fact, showing the iron
to carbon molar input for the studies reviewed. There
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Figure 11: The total iron (ordinate) and carbon (abcissa) molar
flow rates for all successful direct-spinning experiments in the
dataset. The triangles (circles) represent gas (liquid) injection
experiments. The colours of the data points indicate the pro-
moter source used in each experiment. Black, yellow, purple and
green correspond to thiophene, sulfur, carbon disulfide and se-
lenophene. The dataset is bounded by high and low Fe : C ratios
of 1 : 300 and 1 : 2500 shown as the grey shaded area and a trend
line at Fe : C = 1 : 700 is shown.
Fe and C for a successful direct-spun formation, pre-
sented by the dashed (black) trend line in the shaded
grey box of Figure 11. The trend line corresponds to
a molar Fe : C ratio of 0.0014, this ratio corresponds
to approximately 1 Fe : 700 C. The shaded grey area
encompasses the majority of the Fe : C ratios from
0.0004 to 0.003 which correspond to molar ratios of
1 Fe : 2500 C and 1 Fe : 300 C, respectively.
The direct-spun process does not currently make ef-
ficient use of the iron catalyst with respect to CNT
growth. Reguero et al. [170] calculated that less than
0.1% of the Fe-based nanoparticles formed contributed
to CNT aerogel formation. The final CNT products
tend to include from 5 to 10 wt% iron residue which can
be readily removed by acid washing [252, 253, 74, 104].
Such metal catalyst impurities can significantly affect
to the bulk properties of the direct-spun products.
Therefore keeping these catalytic nanoparticles unen-
capsulated such that they have a higher chance of act-
ing as a catalyst site for growth is very important. If
the carbon to iron input is too high (C : Fe > 2500 : 1
bottom right of Figure 11), an oversupply of carbon
leads to soot production dominating over CNT syn-
thesis. If the carbon to iron input is too low (C : Fe
< 300 : 1 top left of Figure 11) there are insufficient
CNTs to form bundles and create an aerogel. Combing
the findings of Section 4.2 and Section 5.2 we conclude
that for sulfur and thiophene experiments the range
of corresponding molar ratios (C : Fe : S) for optimal
aerogelation are 70000 : 100 : 10 to 700 : 1 : 10, respec-
tively.
In addition, a minimum catalyst mass concentration
([Fe] = 0.2 g m−3)10 has been identified [166] which is
complementary to the window of successful molar ra-
10The amount of S is a negligible contributor to the minimum
Fe mass concentration.
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tios for aerogel formation. The majority of the data
points in Figure 11 fall above this minimum value by
orders of magnitude, even with losses 11. A calculation
using simplified conditions at a temperature of 1000 ◦C
showed that approximately 40% of 10 nm diameter cat-
alyst particles would be lost to the reactor walls and
that the proportion lost would increase dramatically
with increasing particle diameter [166]. In addition to
this, losses to the walls are further evidenced by depo-
sition bands observed on the reactor walls, which are
located at specific temperature related positions (see
supplementary information associated with Hoecker et
al. [161]).
5.3. Carbon efficiency and process yield
Figure 12 shows the process yield ηp (%) as a func-
tion of carbon efficiency ηc (%). The process yield is
defined here as the molar production rate of direct-
spun product ṅCNT per total molar input rate of all
reactants ṅ (see Appendix 9, note that the values of ṅ
are dominated by the carrier gases). The carbon effi-
ciency ηc is defined as the molar production of carbon
in the direct-spun product divided by the rate of to-
tal molar carbon supplied into the system (represented
by ṅCNT / ṅc, note that ṅc is dominated by carbon
from the hydrocarbon source, with negligible amounts









= Xcηc , (1)
In Equation 1, multiplication of numerator and de-
nominator by ṅc allows rearrangement to show that
the mole fraction of carbon (Xc = ṅc/ṅ) is the scalar
linking ηp and ηc. Figure 12 draws data from only
the eight publications in our survey of the literature
that have reported yield figures, providing a total of
15 data points [30, 169, 33, 170, 171, 161, 167, 124]).
They cover a range of different hydrocarbon sources
and carrier gas types.
Section 5.1.1 indicates that the maximum carbon ef-
ficiencies that might be achieved from ethanol and n-
butanol are 50% and 63%, respectively. The lower car-
bon efficiencies shown in Figure 12 highlight the im-
provement required from these hydrocarbon sources.
Figure 12 shows that, although processes vary greatly
in scale, type of hydrocarbon and carrier gases, the
common feature in the direct-spun process is the low
mole fraction of carbon in the reactor systems, typi-
callyXc = 0.03. This means that systems are run very
dilute with respect to carbon. At lower dilution values
(higher carbon mole fractions), the increased carbon
concentration would cause excess soot production. At
higher dilution values (lower carbon mole fractions),
there would be insufficient carbon present to synthe-
sise sufficient CNTs (either with respect to length or
number concentration) to form a spinnable aerogel.
11Minimum input does not include losses to the reactor walls,
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Figure 12: Process yield (%, ordinate) and carbon efficiency
(%, abcissa) for all successful direct spinning experiments in the
dataset. The triangles (circles) represent gas (liquid) injection
experiments. Red, green and purple data points represent inert
gas (meaning Ar or N2), hydrogen + inert (meaning a mixed
carrier gas system of H2 with either N2 or Ar) and hydrogen,
respectively.
The availability of only 15 data points for this study
shows that quantitative relations with respect to car-
bon efficiency and process yield are lacking in the liter-
ature. While studies have not linked carbon efficiency
or processes yields to macroscopic product properties
(strength, conductivity, etc.) these correlations are
crucial process intensification metrics. Measuring them
will increase the ability of researchers to compare and
contrast their quantitative results with greater confi-
dence. Based on the current data, the direct-spun syn-
thesis process is not efficient and researchers need to in-
crease the carbon conversion and minimise the quanti-
ties of the non-CNT components of their materials, for
example iron residue and amorphous carbon by prod-
ucts.
5.4. Role of sulfur in CNT growth promotion
Having discussed how the interaction of S with Fe
influences nanoparticle formation in Section 4.1.2, it is
important to discuss the role S plays in CNT growth.
Sulfur has been identified as a growth promoter in
vapour-grown carbon fibre systems [254]. The role of S
as a promoter was shown in individual CNT synthesis
via electric arc, where it increased CNT yields [255]
and diameters [256]. The same effects were identi-
fied in early CVD synthesis of CNTs, where addi-
tion of different amounts of S controlled product type,
and ratio (SWCNTs vs. MWCNTs), and also im-
proved yield [19]. A recent publication by Suzuki
and Mori [223] has quantified the increase in the rate
of areal coverage of individual CNTs during carpet
growth when including S in their reaction system, pro-
viding the first kinetic information on the impact of S
in CNT growth. Similar qualitative effects have been
observed in the direct-spinning process with increasing
S promoting the production of MWCNTs [157, 170].
Figure 13 shows S/Fe molar ratios versus C/H molar
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Figure 13: Total carbon to hydrogen molar ratio (ordinate) ver-
sus sulfur to iron molar ratio (abcissa) for all successful direct
spinning experiments in the dataset. The yellow square at the
apex of data represents the L2 composition with respect to Fe
and S from Figure 8. This is the maximum amount of sulfur
that can be present in a catalyst nanoparticle composed solely
of L2. All the S/Fe ratios in the yellow shaded area fall within
the L1 + L2 zone in Figure 8 while those in the purple shaded
area have higher S contents. Black, yellow, purple and green cor-
respond to thiophene, sulfur, carbon disulfide and selenophene.
Section 4.2) are 0.1 and 10, respectively. The mini-
mum and maximum C/H ratios are 0.01 and 1, respec-
tively. The data shows that C/H ratios from 0.01 to 0.1
are successful across all S/Fe ratios. The data above
C/H > 0.1 reaches a maximum at C/H = 1 and S/Fe =
0.6. This S/Fe value is equivalent to a S:Fe mass ratio
of 74%:26%, matching very closely the composition of
the sulfur-rich liquid, L2, in Figure 8.
We observe that higher S/Fe ratios require decreas-
ing C/H ratios. We know from our dataset that de-
creases in the C/H ratio are mainly caused by increased
amounts of H (principally via carrier gas) for success-
ful production of direct-spun product. We hypothe-
sise that increasing S/Fe ratio beyond the catalyst S
saturation line (indicated by the solid black line on
Figure 13) requires an increase in H to deal with the
excess S in the gas phase, resulting in a dropping C/H
ratio. Thermodynamic calculations show that H2S is
the likely sink for S in the gas phase [186].
Having identified that additives are important for
catalyst nanoparticle nucleation and CNT growth, the
following question remains: is a group 16 element the
most appropriate choice for these roles. The body of
evidence supporting sulfur is strong, with exploration
of other group 16 elements limited by their lack of avail-
ability due to their expense. However there maybe
other elements more suitable to these roles, for exam-
ple iodine is known to lower the nucleation barrier of
aerosol particles in a variety of systems [257]. Fur-
thermore, Mn and Ni are known to lower the melting
points of Fe-C-(Mn/Ni) eutectics and lower their re-
sulting carbon content [258, 259], analogous to the role
sulfur plays in CNT growth promotion.
6. Summary of process and conclusions
The trends observed from mapping the experimen-
tal data and the associated conclusions regarding the
roles of the key elements (Fe, S, C, H) in the direct-
spinning process facilitate a much richer description of
their roles. The schematic in Figure 14 summarises the
role of each element in the various process steps.
The first step in the reaction pathway in Figure 14
represents the decomposition of iron and sulfur precur-
sors, releasing the corresponding Fe (pink) and S (yel-
low) atoms for catalyst nanoparticle nucleation (See
Section 4.1.2). Carbon precursor molecules have not
undergone pyrolysis at this stage (see section 5.1), so
is not illustrated in this step. The second step repre-
sents catalyst nanoparticle nucleation, promoted by S
with catalyst nanoparticle structures starting off as Fe
and Fe + LFe as shown in Figure 9. Catalyst nanoparti-
cles increasing in temperature will be evolving towards
L1 + L2 structures capable of rapid CNT growth (de-
scribed in Section 4.3.2) but diffusion losses of small
catalyst nanoparticles and evaporation of the remain-
ing particles will be competing with this process.
At the renucleation and CNT growth stage, the path-
ways differ depending on whether high (Figure 14(a))
or low (Figure 14(b)) S/Fe ratios are present, however
for both routes the CNT growth is driven by acetylene-
like pyrolytic carbon compounds (see Section 5.1.2).
Sufficient dilution of the entire reaction system by car-
rier gas is required such that carbon molar concentra-
tion does not exceed 3% (see Section 5.3). The pres-
ence of H also chemically suppresses soot formation
(see Section 5.4).
Figure 14(a) illustrates how a high S/Fe ratio leads
to catalyst nanoparticles of predominantly L2 compo-
sition (see Figure 8(b)(iii)), therefore the whole diame-
ter of the catalyst nanoparticle is used for CNT growth,
generally favoring MWCNT synthesis. Where the S/Fe
ratio is high, results point towards H being utilised in
the reaction to remove excess S from the catalyst into
the gas phase (see Section 5.4).
Figure 14(b) illustrates how a low S/Fe ratio leads to
catalyst nanoparticles of predominantly L1 with only
a little L2 (see Figure 8(b)(i)). This restricts the sizes
of the sites from which CNTs grow, favouring rapid
growth of nanotubes of small diameter, therefore pre-
dominantly SWCNTs or DWCNTs, with the possibil-
ity of growing more than one CNT from each catalyst
nanoparticle (see Section 4.3.1).
The final steps on both pathways represent the self-
assembly of CNTs into bundles driven by van der Waals
dispersive forces and the further assembly of bundles to
create the continuous aerogel which allows continuous,
direct spinning of the macroscopic CNT material.
In conclusion, drawing information from 32 papers
providing sufficient quantitative data we have carried
out a detailed meta analysis of the reaction inputs (S,
Fe, H, C) required for the direct-spinning of CNTs.
We have mapped these with product type (SWCNTs,
DWCNTs, and MWCNTs) and against one another to

















Figure 14: Schematic showing the impact of high (a) and low (b) sulfur to iron ratios on direct-spun CNT product synthesis.
High S/Fe ratios favour MWCNT synthesis while low S/Fe ratios favour SW- or DWCNT synthesis due to the different catalyst
nanoparticles formed. The pink, yellow and black circles represent decomposition of precursor sources releasing iron, sulfur and
carbon, respectively.
the synthesis. Comparison of observed features and
trends in these plots with research findings from across
the broader literature spectrum have facilitated the de-
velopment of new insights regarding factors controlling
direct-spun synthesis.
7. Challenges and opportunities
We now identify possible opportunities and chal-
lenges for future research in this area. The knowledge
gained since the process was originally conceived has
allowed scale up to the pilot stage of commercialisation
of direct-spun processes, but increased reaction densi-
ties are desired for further commercialisation. There
remain many areas of the process yet to be fully un-
derstood despite this body of work. Process scale up
can be achieved by two main approaches: i) a simple
increase in the number or size of reactors, ii) process
intensification via increasing the yield per unit prod-
uct or per unit volume. To do so, research has to be
carried out across a number of key areas.
As evidenced by this article, to date there is no quan-
titative theory for the formation of CNTs in the direct-
spun process, either for nucleation or agglomeration.
A main missing link is the ability to describe the steps
in the chemical decomposition and nucleation process,
as there are no quantitative inline measurements of the
chemical species within the reactor. A major advance-
ment would be the development of both non-intrusive
and/or intrusive techniques for probing the chemical
species in the reactor at conditions similar to those
leading to the formation of precursor particles and on-
wards to CNT aerogels. There are no publications
demonstrating the required optical access and chemical
analysis capabilities for generating the necessary infor-
mation. In part, there are rather specific challenges
associated with probing inside these reactors, most im-
portantly the diffusion of particles onto optically ac-
cessible surfaces, which hamper optical access, and the
need for high temperatures and hydrogen atmospheres,
which creates difficulties for sealing and sampling. A
re-engineered reactor with the right temperature-time
histories, but optical and sampling access would en-
able in situ or ex situ probing of the chemical environ-
ment, thus shedding direct light into the steps leading
to the building blocks in the direct-spun process. Opti-
cal probing of the reactor would enable laser-based di-
agnostics, such as absorption, fluorescence and Raman
spectroscopy, that could provide chemical and particle
information critical in understanding the nucleation,
growth and aerogelation of CNTs. These experimen-
tal studies would enable a computational model of the
reactor dynamics to explain critical questions relating
to the nature of particle formation, CNT growth and
aerogelation.
The few reported quantitative results on product
yield rely on manual fibre collection and determina-
tion of total weight, this is a relatively crude and time
consuming technique. Emerging technologies using the
unique properties of untreated CNT aerogels may be
developed to design equipment utilising these proper-
ties to develop automated extraction techniques.
Given the self-selected nature of the reporting of
results on aerogel formation, at present we do not
know what happens beyond the bounds of the cur-
rently mapped parameter space. It is unclear whether
current bounds of compositions and temperatures are
truly limits to direct spinning, or simply a result of the
historical development of the dataset. There is cur-
rently no general and robust method for measuring the
lengths of bundled CNTs in situ, so one cannot inter-
rogate the effect of operating conditions on the lengths
of the constituent CNTs. This presents an opportunity
for the development of experimental techniques; under-
standing the factors controlling the mean CNT length
and the spectrum of length distribution in a sample
may offer new ways of controlling the macroscopic ma-
terial properties.
A step change in CNT production is still needed
for broad-scale commercialisation, and fundamental in-
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sights into the reactor kinetics and dynamics are nec-
essary to aid this development. Key questions remain
related to the nature of intensified production, includ-
ing whether higher synthesis densities can be achieved
in laminar reactors and whether CNTs can grow and
form aerogels within turbulent reactors. Novel reactor
designs should be considered that go beyond single-
pass tube furnaces to improve reactor density and ma-
nipulate aerogel formation. In-reactor and downstream
aerogel manipulation is needed to better align product
with enhanced properties, as well as process the aero-
gel downstream of the reactor. New discoveries into the
chemical kinetics, particle dynamics and aerogel struc-
ture will be critical in improving the quantity, quality
and efficiency of CNT production. These fundamen-
tal discoveries are needed by the scientific and engi-
neering communities to harness the potential of this
unique self-assembled CNT material for wide-spread
utilisation across a broad range of applications.
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9. Appendix A : Experimental conditions
This Appendix shows the calculations applied to the
data found in each publication used in the parameter-
space mapping exercise for the direct-spun FC-CVD
process. Sections 9.1 to 9.5 cover calculations lead-
ing to residence times, process yields, vapour pressures,
molar and mass flow rates and total mass concentra-
tions, respectively. The authors highlight where par-
ticular calculations can suffer limitations to their ac-
curacy (process yields 9.2) and any publications where
values calculated by the original authors used a non-
standard method (vapour pressure section 9.3 and Ta-
ble 1). The Appendix ends with a Table (Table 2)
showing how all the data extracted from an example
publication has been treated for inclusion in the map-
ping exercise.
9.1. Bulk residence time







where the ratio of reactor volume (L and D are the
length and diameter dimensions of the tubular reactor
in m, respectively) to the total volumetric flow rate,
Q̇, is corrected for temperature (T0 and Ts are the ref-
erence temperature and set-point temperature of the
furnace in K, respectively).
There are individual residence times that could be
calculated for different sections of the reactor, us-
ing fluid dynamic calculations. This requires specific
knowledge of each author’s temperature profile. There-
fore in this publication we have chosen to calculate just
the bulk residence time for each reactor.
9.2. Carbon efficiency and process yield
The carbon efficiency, ηc(%), is defined as the per-
centage of the total harvested aerogel moles, ṅout, rela-
tive to the total supplied carbon moles, ṅin, in a given
time interval.
The process yield, ηp(%), is defined as the percent-
age of the total harvested aerogel moles, ṅout, relative
to the total supplied moles,
∑
ṅin, in a given time in-
terval.
The authors acknowledge that in all cases the total
harvested aerogel includes not only the mass of CNTs,
but also a large quantity (typically up to 15% from
TGA measurements) of extraneous materials (such as
soot-like polyaromatic particles, graphitic impurities,
and carbon-encapsulated iron) which often leads to an
overestimation of the yield.
9.3. Vapor pressure and partial pressures
The vapour pressure (in bar), Pv, for the molecules





where A, B and C are component-specific constants
and T is the absolute temperature (in K). Table 1
shows the corresponding parameters used to calcu-
late the typical vapour pressures one expects for the
molecules of interest in the direct-spun process.
Note that one author group, accounting for ≈ 10%
of the included data points, chose to use the Lang-
muir equation for evaporation [25, 160, 165] convert-
ing the vapour pressure (equation 3) to an evaporation
rate. The use of a vaporisation constant (α) within
the equation, with dependence on the dimensions of
the sublimation pack and carrier gas flow rate, make
this difficult to apply to other authors’ work. There-
fore, to correlate data from this publication we have
chosen to base the mass rate of sublimed precursors
solely on Equation 3 and partial pressures. The par-
tial pressure quantity is equal to the calculated vapour
pressure, Pv, divided by the atmospheric pressure, P0.
9.4. Molar and mass flow rate of molecules
The molar flow rate, ṅin, of a given species is the
product of the partial pressure and total volumetric
flow rate with respect to the volume (0.0224 m3) of
one mole of an ideal gas at standard pressure and gas
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Table 1: Antoine equation parameters and range of temperatures for the molecules of interest.
Molecule Formula Tmin [K] Tmax [K] A B C Reference
Ferrocene C10H10Fe 288.16 452.09 6.43321 2982.168 -38.258 [260]
Thiophene C4H4S 312.21 392.94 4.07358 1239.578 -52.585 [261]
Carbon Disulfide CS2 276.74 353.08 4.06683 1168.620 -31.616 [262]
Sulfur S 373.15 823.15 3.82027 2285.382 -118.149 [263]
Selenophene C4H4Se 234.00 387.50 3.75976 1331.417 -33.354 [264]
Table 2: Example experimental conditions for Hoecker et al. [161].
L (m) D (m) T0 (◦C) Ts (◦C) τres (s) ṁout (mg min−1) ηc (%) ηp (%)
0.7 0.04 25 1250 14.0 2 6.48 2.21
Molecule Formula C H Fe S O Mm (g mol−1) ρ (kg m−3) T (◦C)
Ferrocene (C5H5)2Fe 10 10 1 0 0 186.0 1110 70
Thiophene C4H4S 4 4 0 1 0 84.1 1050 0
Methane CH4 1 4 0 0 0 16.0 0.656 20
Hydrogen H2 0 2 0 0 0 2.0 0.08988 20
Molecule Pv (Pa) Pv / P0 V̇in (l min−1) ṅin (× 10−8 mol s−1) ṁin (mg min−1)
Ferrocene 45 0.0004 0.07 1.8 0.21
Thiophene 2842 0.0280 0.012 25.1 1.27
Methane 101325 1 0.06 4163.5 40.08
Hydrogen 101325 1 0.5 (+ 0.082) 40385.8 48.85
Atom ṁin (mg min−1) Y ṅin (× 10−8 mol s−1) ρin (× 104 mg m−3)
C 30.86 0.3414 4282.1 4.807
H 58.99 0.6526 97544.3 9.188
Fe 0.06 0.0007 1.8 0.010
S 0.48 0.0053 25.1 0.075
O 0.00 0.0000 0.0 0.000
*standard conditions @ 25◦C and 1.01325 bar
temperature (in K). The molar flow rate is corrected










The mass flow rate, ṁin, is given by the product of the
molar flow rate and the molecular mass, Mm, of the
corresponding species
ṁin = ṅinMm . (5)
9.5. Atomic mass fraction, total mass and mass con-
centration
The atomic mass fraction, Y , is defined as the ratio
of atomic (carbon, hydrogen, iron, sulfur and oxygen)
mass rates, ṁin, to total atomic mass rate, which is








The molar atomic flow rate, ṅin, is defined as the ra-
tio of atomic mass rate to atomic mass of each atom.
The atomic mass concentration, ρin, is defined as the
atomic mass rate divided by the total volumetric flow
rate within the reactor.
10. Appendix B : Fe–S and Fe–C binary phase
diagrams
This appendix includes the binary Fe–S and Fe–C
phase diagrams used in the construction of the ternary
phase diagrams in sections 4.3.1 and 4.3.2.
Figure 15 shows the equilibrium binary phase dia-
grams for Fe–S and Fe–C in the temperature range
600–1600 ◦C at atmospheric pressure. Phase diagrams
describe systems in thermodynamic equilibrium, how-
ever the nanoscale nature of the catalyst particles af-
fects their physical properties, in particular, the de-
pression of their melting points below bulk material
values [168]. For this reason we chose to consider the














































































































Figure 15: Bulk binary phase diagrams for (a) Fe–S [266, 267]
and (b) Fe–C [268] in the temperature range 600–1600 ◦C.
temperature (1050 ◦C) required for direct-spun pro-
cess as being a representative first step in discussing
the effects of the S/Fe ratio on catalyst nanoparticle
composition.
Figure 15 (a) shows the Fe–S binary phase dia-
gram for bulk mixtures. Considering the (dashed red)
isothermal line at 1400 ◦C on Figure 15 (a), a sys-
tem with 0% S consists of BCC (Body Centred Cubic)
δ-ferrite. Addition of S creates an equilibrium of solid
BCC δ-ferrite + liquid Fe (LFe) until 8 mass% S, where
a fully liquid Fe phase appears. Liquid Fe and liquid S
(LS) phases coexist between about 50 mass% S through
to approximately 97 mass% S, after which fully liquid
S exists.
Figure 15 (b) shows the corresponding Fe–C binary
phase diagram for bulk mixtures. Similarly to the Fe–
S binary phase diagram at 1400 ◦C (dashed red line)
pure iron is found as BCC δ-ferrite phase. With the
increased carbon mass% we move into the FCC (Face
Centred Cubic) γ-austenite phase until the γ-austenite
+ liquid (LFe) phase appears at approximately 0.8
mass% C. The fully liquid (LFe) phase appears at ap-
proximately 2 mass% C and remains until the liquid
iron + solid C phase appears from an approximately 5
mass% C up to 100% C.
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